Studies have shown that human immunodeficiency virus type 2 (HIV-2) is less pathogenic than HIV-1, with a lower rate of disease progression. Similarly, plasma viral loads are lower in HIV-2 infection, suggesting that HIV-2 replication is restricted in vivo in comparison to that of HIV-1. However, to date, in vivo studies characterizing replication intermediates in the viral life cycle of HIV-2 have been limited. In order to test the hypothesis that HIV-2 has a lower replication rate in vivo than HIV-1 does, we quantified total viral DNA, integrated proviral DNA, cell-associated viral mRNA, and plasma viral loads in peripheral blood samples from groups of therapy-naïve HIV-1-infected (n ‫؍‬ 21) and HIV-2-infected (n ‫؍‬ 18) individuals from Dakar, Senegal, with CD4
Two closely related human lentiviruses, human immunodeficiency virus type 1 (HIV-1) and HIV-2, have been shown to cause AIDS. However, it is now well recognized that the in vivo pathogenicity of HIV-2 is attenuated relative to that of HIV-1, with significantly lower rates of disease progression and transmission (20, 27, 28, 43) . Consistent with these observations, plasma viral loads are significantly lower in people infected with HIV-2 (1, 2, 36, 37, 42) . Interestingly, studies have shown that quantities of total viral DNA in peripheral blood mononuclear cells (PBMCs) are similar in people infected with HIV-1 and people infected with HIV-2 (5, 32, 36) .
Within an infected cell, HIV DNA is found in a number of forms, including integrated proviral DNA, unintegrated linear viral DNA, and unintegrated one-and two-long-terminal-repeat (LTR) episomal viral DNA (31) . The integration of proviral DNA is necessary for viral replication (10, 11, 21, 44) . In addition, the integration of proviral DNA can result in a stable long-term infection. HIV-1 has been shown to establish latent infection in vivo within resting memory CD4 ϩ T cells, a reservoir in which the integrated proviral genome can persist for decades (reviewed in references 22 and 35) . Although integration is necessary for viral replication, studies of HIV-1 have shown that the majority of in vivo viral DNA exists in the linear unintegrated form (8) , while integrated proviral DNA accounts for a minor fraction of the total DNA load in vivo (6, 8, 9, 15, 16) .
While higher plasma viral loads in HIV-1 infection suggest higher replication rates, no studies have clearly shown a difference in replication in vivo between HIV-1 and HIV-2. Additionally, previous studies comparing viral DNA in HIV-1 and HIV-2 infection have focused on total viral DNA and, to date, no studies have quantified integrated proviral DNA in people infected with HIV-2. In this study, we measured viral life cycle intermediates (integrated proviral DNA and viral mRNA) in conjunction with total viral DNA loads and plasma viral loads in people infected with HIV-1 or HIV-2 to determine whether quantitative differences that can explain the lower plasma viral loads observed in HIV-2 infection exist at a specific point of the viral life cycle.
MATERIALS AND METHODS
Sample acquisition. PBMC samples were obtained from a cohort of female sex workers in Dakar, Senegal, that have been followed since 1985. Epidemiologic and clinical aspects of this cohort have previously been described elsewhere (19) . All subjects signed informed consents and participated in protocols approved by the Counseil National de Lutte Contre le Sida Comite Ethique et Juridique and the Harvard School of Public Health Human Subjects Committee. CD4 ϩ T-cell counts were determined, and serum samples were diagnosed for HIV-1-and HIV-2-specific antibodies as previously described (19) . All subjects enrolled in this study were antiretroviral therapy naïve and had CD4 ϩ T-cell counts above 200/l at the time of sample acquisition.
DNA and mRNA extraction. Cryopreserved PBMC samples were thawed and rested overnight in RPMI 1640 medium supplemented with 10% (vol/vol) fetal bovine serum and 1% antibiotics to ensure sample viability and remove dead cells. The following day, PBMC samples were divided equally, with half used for the extraction of DNA and half used for the extraction of mRNA. DNA was extracted (blood and cell culture DNA mini kit; QIAGEN), and DNA concentrations were determined by an optical density reading at 260 nm. Polyadenylated mRNA was extracted (Oligotex mRNA direct mini kit; QIAGEN) and immediately converted to cDNA (TaqMan reverse transcription reagents; Applied Biosystems) by using an equal-volume mixture of random hexamer and poly(T) primers.
Quantification of total viral DNA and viral mRNA. HIV-1 total viral DNA and mRNA were quantified using a previously described real-time PCR assay (25) that amplifies a highly conserved region corresponding to the HIV-1 LTR-gag junction. For the quantification of HIV-2 total viral DNA and mRNA, we developed a novel HIV-2 real-time PCR assay that amplifies a highly conserved region corresponding to the HIV-2 LTR-gag junction. To construct a quantification standard, a fragment of HIV-2 LTR-gag was amplified by PCR from a previously cloned HIV-2 DNA sample using primers AM2gag1f (AGACCCTG GTCTGTTAGGACCCTT) and AM2gag1r (CAATTCATTCGCTGCCCA CAC) cloned into an expression vector (pCR2.1; Invitrogen) and transformed into competent cells (TOP10; Invitrogen). Cloned plasmid was purified (SNAP MiniPrep kit; Invitrogen), and the concentration of purified plasmid was determined by an optical density reading at 260 nm. For the quantification of HIV-2 samples, real-time PCRs were performed by using primers HIV2gagF (CCAA CCACGACGGAGTGCTC) and HIV2gagR (CTCTCAAGACGGAGTTTCT CGC) and detected by using the probe HIV2gagP (AGGCCTCCGGGTGAAG GTAAG), which contained a 5Ј 6-carboxyfluorescein fluorescent reporter and a 3Ј MGB nonfluorescent quencher. For HIV-1 and HIV-2 real-time PCR assays, real-time PCR reagents and reaction conditions were as previously described (25) . Viral mRNA was standardized to cellular beta-actin mRNA. Beta-actin mRNA was quantified using commercially available reagents (TaqMan B-actin detection reagents; Applied Biosystems) according to manufacturer recommendations.
Quantification of integrated proviral DNA. Quantities of integrated proviral DNA were determined for HIV-1 and for HIV-2 by using an endpoint dilution Alu-PCR approach as previously described (9) . A series of six threefold serial dilutions were performed in duplicate from a starting quantity of 1 g genomic DNA, and Alu-PCR was performed using primers Alu1 (GCCTCCCAAAGTG CTGGGATTACAG) (34) and AM1C1r (CTTAATACTGACGCTCTCGCA CCC) for HIV-1 samples and Alu1 and AM2C1r (AAGGGTCCTAACAGAC CAGGGTCT) for HIV-2 samples in a total volume of 100 l under the following reaction conditions: denaturation at 94°for 5 min; 35 PCR cycles of 94°C for 30 s, 60°C for 30 s, and 72°C for 3 min; and a final extension at 72°C for 7 min. The amplification of integrated proviral DNA was assayed by real-time PCR with 5 l of the first-round Alu-PCR product by using previously described HIV-1 and HIV-2 real-time PCR assays (25) . Real-time PCR assays were performed for each sample in parallel with equivalent concentrations of nonamplified genomic DNA from that respective sample to control for nonamplified viral DNA carryover from the Alu-PCR. Integrated proviral DNA copy numbers were determined by using the QUALITY program (38) .
Quantification of plasma viral loads. HIV-1 plasma viral loads were determined by using a commercially available assay (Amplicor HIV-1 monitor test, version 1.5; Roche). To determine HIV-2 viral loads, we developed an in-house real-time PCR viral load assay. Briefly, we amplified a fragment of HIV-2 LTR-gag from a previously cloned HIV-2 DNA sample using primers HIV2gagF and AM2gag1r and synthesized a T7 promoter-driven in vitro transcription construct by using commercially available reagents (BLOCK-iT RNAi TOPO transcription kit; Invitrogen) and primer AM2gag1r. HIV-2 RNA was generated by in vitro transcription (MEGAshortscript; Ambion). In vitro-transcribed HIV-2 RNA was purified (MEGAclear; Ambion), treated with DNase (New England Biolabs), and repurified, and the concentration of in vitro-transcribed HIV-2 RNA was determined by an optical density reading at 260 nm. To create a full-length HIV-2 genomic RNA standard, full-length HIV-2 genomic RNA from a previously described in vitro infection (25) was extracted (QIAamp viral RNA mini kit; QIAGEN), treated with DNase (New England Biolabs), and repurified (MEGAclear; Ambion). Quantities of full-length HIV-2 genomic RNA were determined by using the in vitro-transcribed HIV-2 RNA as a quantitative standard in a two-step, real-time reverse transcription-PCR (TaqMan reverse transcription reagents and TaqMan universal PCR master mix; Applied Biosystems) using the primer HIV2gagR for the cDNA synthesis reaction and the HIV-2 LTR-gag real-time PCR primers and probe described above. For the quantification of plasma viral loads, RNA standard curves were generated from the full-length HIV-2 genomic RNA standard, spiked to noninfected lysis buffer, and extracted in parallel with 280 l of plasma from HIV-2-infected subjects (QIAamp viral RNA mini kit; QIAGEN). HIV-2 plasma viral loads were quantified relative to the full-length HIV-2 genomic RNA standard curve in a twostep, real-time reverse transcription-PCR, as described above.
Statistical analyses. Statistical analyses were performed using SAS 9.1. For analytical purposes, HIV-2-infected subjects with plasma viral loads of Ͻ400/ml were assigned values of 400/ml in accordance with the detection limit of the HIV-1 plasma viral load assay (Amplicor HIV-1 monitor test, version 1.5; Roche). The Wilcoxon rank sum test was used for an unadjusted comparison of CD4 ϩ T-cell counts, age, total viral DNA, integrated proviral DNA, viral mRNA, plasma viral load, and percentage of total viral DNA integrated between HIV-1-and HIV-2-infected subjects; two-sided P values are reported. Because of the limited number of study subjects available, we were unable to directly match HIV-1-infected and HIV-2-infected individuals on the basis of CD4 ϩ T-cell count and age. Alternatively, to adjust for CD4 ϩ T-cell counts and age in the comparison of HIV-1-infected and HIV-2-infected individuals, regressions were performed using the ROBUSTREG procedure, which provides stable results in the presence of outlying values, and values of total viral DNA, integrated proviral DNA, viral mRNA, and plasma viral loads were log transformed. Correlations of total viral DNA, integrated proviral DNA, percentage of total DNA integrated, and viral mRNA with plasma viral loads were examined using the Pearson's correlation coefficient (for HIV-1) and Spearman's correlation coefficient (for HIV-2) by using log-transformed values of total viral DNA, integrated proviral DNA, viral mRNA, and plasma viral loads.
RESULTS
For this study, we examined 21 subjects infected with HIV-1 and 18 subjects infected with HIV-2 from Dakar, Senegal. All had CD4
ϩ T-cell counts above 200/l and were antiretroviral therapy naïve. Although all subjects were in the asymptomatic phase of infection, CD4
ϩ T-cell counts were lower (P ϭ 0.0384) in HIV-1-infected subjects (median and interquartile range values were 560 and 404 to 614 cells/l, respectively [for HIV-2-infected subjects, median and interquartile range values were 946 and 534 to 1,503 cells/l, respectively]). In addition, HIV-1-infected subjects (median and interquartile range values were 34.9 and 27.4 to 42.2 years, respectively) were younger (P ϭ 0.0039) than HIV-2-infected subjects (median and interquartile range values were 44.2 and 40.1 to 48.9 years, respectively).
Previous studies have indicated that plasma viral loads are higher in people infected with HIV-1 than in people infected with HIV-2 (1, 2, 36, 37, 42), despite their having similar amounts of total viral DNA (5, 32, 36) . For this study, we quantified total viral DNA by using real-time PCR assays for HIV-1 and HIV-2 that amplified highly conserved regions of the viral genomes that correspond to the LTR-gag junction. Twenty of 21 HIV-1-infected and 17 of 18 HIV-2-infected individuals had detectable total viral DNA. Among study subjects, total viral DNA loads were slightly higher in HIV-1-infected subjects than in HIV-2-infected subjects (Fig. 1) . However, after adjusting for CD4 ϩ T-cell counts and age, there was no statistical difference in total viral DNA levels between HIV-1-and HIV-2-infected subjects. In contrast, in both unadjusted and adjusted analyses, plasma viral loads were significantly higher in HIV-1-infected subjects than those in HIV-2-infected subjects.
In order to compare amounts of viral mRNA between HIV-1 and HIV-2, viral transcripts isolated though the extraction of polyadenylated cellular mRNA were quantified using the same real-time PCR assays that were used to quantify total viral DNA. Unlike for HIV-1-infected subjects, in which viral transcripts were detectable for the majority of subjects, amounts of viral mRNA were below the limit of detection for most HIV-2-infected individuals. The difference in quantities of viral mRNA between HIV-1 and HIV-2 were statistically significant in both unadjusted and adjusted analyses.
In order to compare the amounts of integrated proviral DNA in PBMCs of subjects infected with HIV-1 with those of subjects infected with HIV-2, we used a previously described endpoint dilution Alu-PCR approach (9) that selectively amplifies integrated proviral DNA by using a virusspecific primer and a primer specific to conserved sequences in Alu elements. Alu elements are retrotransposons, and approximately 1.2 million copies of Alu elements are found in the human genome, accounting for 10 to 11% of the entire genome (18) . To avoid unequal amplification between HIV-1 samples and HIV-2 samples, HIV-1 and HIV-2 primers were approximately equidistant from the 5Ј end of the respective viral genomes, and have previously been shown to amplify integrated proviral DNA (25) . Twenty of 21 HIV-1-infected subjects and 16 of 18 HIV-2-infected subjects had detectable integrated proviral DNA. Amounts of integrated proviral DNA were larger for HIV-1 than HIV-2, and values were slightly different after adjusting for CD4 ϩ T-cell counts and age.
Previous studies of HIV-1 indicate that only a small proportion of total viral DNA is integrated in vivo (6, 8, 9, 15, 16) . Among study subjects with detectable quantities of integrated proviral DNA, we observed similar results (Fig. 2) for both HIV-1 (the median percentage of total DNA integrated was 9.2%) and HIV-2 (the median percentage of total DNA integrated was 3.1%). There was no statistically significant difference in the percentage of DNA integrated between HIV-1-infected subjects and HIV-2-infected subjects.
We examined the relationship of total viral DNA, integrated proviral DNA, percentage of total DNA integrated, and viral mRNA to plasma viral loads for HIV-1-infected subjects and HIV-2-infected subjects ( Table 1) . As expected, for HIV-1, quantities of total viral DNA, integrated proviral DNA, and viral mRNA all significantly correlated with plasma viral loads. In contrast, for HIV-1, there was no correlation between the percentage of total viral DNA integrated and plasma viral loads. Among HIV-2-infected subjects, we observed no significant correlation between plasma viral loads and total viral DNA or integrated proviral DNA. However, despite the small number of HIV-2-infected subjects having detectable mRNA, quantities of viral mRNA positively correlated with plasma viral loads among HIV-2-infected subjects. As with HIV-1, there was no relationship between the percentage of total viral DNA integrated and plasma viral loads. 
DISCUSSION
In HIV-1 infection, higher plasma viral loads are predictors of more rapid disease progression (3, 23, 29, 30, 33) . Plasma viral loads have been clearly demonstrated to be lower in HIV-2 infection than in HIV-1 infection (1, 2, 36, 37, 42), possibly explaining the lower rate of disease progression of HIV-2 (12). This observation, in conjunction with similar total viral DNA loads in people infected with these viruses (5, 32, 36) , suggests that HIV-2 maintains a lower rate of replication in vivo. However, host factors, such as differences in adaptive immune responses, could also account for the difference in plasma viral loads between these viruses. To address the hypothesis that HIV-2 has a lower replication rate in vivo than HIV-1 does, we quantified replication intermediates in the viral life cycles of HIV-1 and HIV-2 in vivo.
Consistent with previous reports, we observed significantly higher plasma viral loads in people infected with HIV-1 than in people infected with HIV-2, and after an adjustment for CD4 ϩ T-cell counts and age, we observed no difference in total viral DNA. The interpretation of total viral DNA with regard to viral replication is difficult, as studies have shown that only a minority of HIV-1 DNA is actually integrated in vivo (6, 8, 9, 15, 16) . Furthermore, this measurement includes one-and two-LTR circles, which are dead-end products. To better compare the nature of viral DNA between HIV-1 and HIV-2 in vivo, we quantified levels of integrated proviral DNA. We observed only modestly higher levels of integrated proviral DNA in HIV-1-infected individuals, and after comparing the percentage of viral DNA in the integrated form, we observed no difference between HIV-1 and HIV-2. While integrated proviral DNA clearly represents a minor proportion of the overall viral DNA load in HIV-2 infection, our data indicate that the integration of viral DNA is not overtly impaired in HIV-2 infection relative to that in HIV-1.
The HIV-1 and HIV-2 real-time PCR assays used in this study to quantify viral mRNA amplify a fragment of the LTRgag junction, which is encoded in processive unspliced viral mRNA. Levels of viral mRNA in HIV-2-infected individuals were significantly lower than those in HIV-1-infected individuals. This difference is consistent with the lower plasma viral loads among the HIV-2-infected individuals and implies that lower plasma viral loads can be accounted for by lower viral mRNA levels in HIV-2 infection in vivo. Hermankova et al. (14) reported extremely little accumulation of processive viral mRNA in latently infected resting CD4 ϩ T cells during HIV-1 infection in vivo. Given the observations that HIV-2 is able to establish integrated proviral infection, yet transcription remains limited, HIV-2 may have a much higher propensity for establishing latent infection in vivo than HIV-1 does. In support of this notion, the Nef protein of HIV-2 has been shown to downmodulate T-cell receptor-CD3 within infected cells and block responsiveness to T-cell activation, whereas the HIV-1 Nef protein fails to do so, contributing to increased cell death in HIV-1-infected cells and possibly increased persistence in HIV-2-infected cells (40) .
Among HIV-1-infected individuals, total viral DNA, integrated proviral DNA, and viral mRNA all correlated with plasma viral loads. Of these measures, viral mRNA had the strongest correlation with plasma viral load. Interestingly, despite the small number of individuals with detectable mRNA, viral mRNA also correlated with plasma viral load for HIV-2. These findings support the notion that viral mRNA is a relevant marker of viral replication. For both HIV-1 and HIV-2, no correlation was observed between the percentage of total viral DNA integrated and plasma viral load, indicating that the proportion of integrated proviral DNA is not a pertinent measure for viral pathogenesis.
Our data suggest that HIV-2 is able to establish a stable integrated proviral infection within PBMCs and that replication is attenuated at some point following integration, but prior to the accumulation of late transcripts. The reason for the block remains unknown. HIV-1 and HIV-2 have different regulatory elements within their promoter regions and have been shown to respond differently to cellular stimuli (13), suggesting possible differences in transcriptional initiation between these viruses. In addition, integration within heterochromatin has been shown to be associated with transcriptional inhibition and viral latency during in vitro HIV-1 infection (17, 24) and we have recently reported evidence of proviral integration within heterochromatin in a higher proportion of people infected with HIV-2 than with HIV-1 (25) . Differences between HIV-1 and HIV-2 may also exist following transcriptional initiation. For instance, the HIV-2 LTR is significantly larger than the HIV-1 LTR, has been shown to undergo 5Ј LTR splicing, and has a complex secondary structure that may affect transcriptional trans-activation (4, 7) . While the exact effect this has on mRNA accumulation in vivo remains unknown, it is possible that differences in the LTR structure result in less-efficient transcriptional elongation and/or the switch from early to late transcripts in HIV-2 infection.
To our knowledge, this is the first study to report direct evidence of a difference in the replication rates of HIV-1 and HIV-2 in vivo. In a recent report from our lab, we prospectively examined viral evolution over a decade of infection among eight HIV-2-infected individuals and observed significantly lower rates of viral evolution for HIV-2 than for HIV-1 (26) , which also supports the notion that HIV-2 replication is attenuated in vivo in comparison to HIV-1 replication. It should be noted that the results of the current study do not exclude the possibility that differences in adaptive immune responses may also contribute to the lower plasma viral loads observed with HIV-2 infection. Recent data from our laboratory indicate a a Correlations were examined using log-transformed total viral DNA, integrated proviral DNA, viral mRNA, and plasma viral loads. Correlation coefficients (r) and P values refer to Pearson's correlation coefficient (for HIV-1) and Spearman's correlation coefficient (for HIV-2). Correlations that reach statistical significance are in bold.
broad neutralizing response in people infected with HIV-2 (39) .
While it is well recognized that disease progression is significantly slower in HIV-2 infection, the virologic explanations for the attenuated pathogenicity of HIV-2 have remained unclear. Studies in vitro imply no difference in cytopathogenicity between HIV-1 and HIV-2 (41). However, cytopathogenicity is partially a function of viral replication. Through characterizing intermediates of the viral life cycles of HIV-1 and HIV-2 in people infected with these viruses, we have found direct evidence that replication rates are lower for HIV-2 than for HIV-1 in vivo. Additionally, we note that viral replication rates for HIV-1 and HIV-2 correspond with relative rates of disease progression for these viruses, implying that the difference in the pathogenicity of HIV-1 and HIV-2 may be explained by differences in viral replication. Since this difference appears to be manifested after the viral integration step, our data suggest that HIV-2 is capable of efficient cellular infection but has a propensity for viral latency. These observations are consistent with in vivo and epidemiologic population data, whereby HIV-2 persists despite a significant impairment in replicative capacity relative to HIV-1.
